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 The work reported here focuses on the study of spin crossover (SCO) materials via dynamic 
transmission electron microscopy (DTEM). SCO metal complexes commonly contain first-row 
d4-d7 transition metals in an octahedral ligand field, which splits the d-orbitals into triple-
degenerate t2g and anti-bonding, double-degenerate eg* levels. The electrons can rearrange across 
these levels such that a low-spin (LS) and a high-spin (HS) configuration is obtained. This LS-HS 
bistability makes SCO materials promising candidates for nanodevices which take advantage of 
the different physical and electronic properties of the LS and HS phases. In this work, thin films 
of two SCO materials are examined: FeII(bapbpy)(NCS)2 and Fe
II(HB(tz)3)2. These materials have 
been proven to be vacuum sublimable, as well as to possess cooperative spin crossover transitions 
within accessible temperatures.  
Dynamic transmission electron microscopy (DTEM) is the technique of choice for these 
studies due to its unique capabilities to analyze the physical structure and electronic properties 
with time resolutions ranging from femtoseconds, nanoseconds, to milliseconds. This is 
accomplished by a variety of stroboscopic and fast camera methods. The work detailed here 
includes the integration of UV photoexcitation, development of low-dose methodologies, and 
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CHAPTER 1: INTRODUCTION 
 
1.1 DYNAMIC TRANSMISSION ELECTRON MICROSCOPY 
Researchers have long dreamed of being able to watch nano-scale phenomena unfold on 
their inherent time scales. Towards this goal, transmission electron microscopy (TEM) has become 
an indispensable tool to elucidate materials. Complementary to standard light microscopes, the 
electron microscope uses electrons in order to form a magnified image of small samples. Due to 
the short relativistic wavelength of the electron, TEM has a superior resolution as compared to 
light microscopy. Indeed, the resolution of TEMs today have been improved below one Ångstrom 
[1], with the main limitations being high-order aberrations within the lensing system. These 
advances allow scientists to visualize materials at the atomic scale. 
A standard TEM functions by first generating electrons at a cathode. The most common 
cathode material is LaB6, from which electrons are generated via thermionic emission. The 
electrons are then focused and accelerated to relativistic energies in excess of 100 keV. Magnetic 
optics are used to form a parallel beam of electrons onto a sample. A variety of interactions then 
may occur including elastic and inelastic scattering as well as accompanied photoemissions. 
Different detectors exist to analyze inelastic backscattered electrons and photoemission, and most 
current TEMs use a scintillator-charge coupled device (CCD) combination or a direct electron 
detector in order to collect and quantify the electrons directly transmitted and scattered at small 
angles through the sample. This forms a variety of contrasts based upon diffraction, sample 
thickness, phase, and density of the sample. Ever since the early development of TEMs, there has 
been a strong drive to increase the temporal resolution to observe dynamic processes in materials. 
The time resolution is usually limited to the frame rate of the detector used, providing millisecond 
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(ms) resolution at best and requires a substantial number of electrons.  Many chemical and physical 
phenomena occur on shorter timescales. In order to view fast transient events on the femtosecond 
(fs)-to-nanosecond (ns) timescale, the so-called pump-probe method can be used. Alterations are 
necessary to utilize this method with a TEM. In this method, a short pump pulse, such as a laser 
pulse, initiates a transient phenomenon in the sample. After some delay, fs-ns later, a short probe 
pulse is imprinted with data of the transient event at the chosen delay. Within a TEM, this is a 
packet of electrons that can be used to form an image, diffraction pattern, or spectrum. 
Implementing the pump-probe method in a TEM motivated the development of dynamic 
transmission electron microscopy (DTEM). 
DTEM was first coined in 2006 by Campbell et al. for referring to TEM instruments 
capable of resolving phenomena on timescales of several ns [2]. For example, the DTEM at 
Lawrence Livermore National Laboratory (LLNL) is accomplished by generating electrons from 
a tantalum disc via the photoelectric effect driven by a pulsed ns laser. The electron probe is 
electronically delayed with respect to a second ns laser pump pulse photoexciting transient 
phenomena within the sample. The DTEM at LLNL was based off the time-resolved TEM 
developed by Bostanjoglo et al. in the nineties, which utilized a standard LaB6 TEM cathode [3-
4]. These instruments specialized in using a single ns laser excitation pulse followed by multiple 
ns electron probe pulses to study irreversible phenomena [4]. However, on faster time scales (<1 
ns), the number of electrons per probe pulse is limited due to the space-charge effect. To reach 
sufficient signal-to-noise ratio in an image, diffraction pattern or spectrum, one therefore needs to 
perform the pump-probe experiment at a high repetition rate (>1 kHz) and integrate over many 
different probe pulses. This is called pump-probe stroboscopy, enabling the study of laser-induced 
transient events down to the fs timescale [5]. 
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The first time-resolved TEM capable of studying such fast phenomena was developed at 
the California Institute of Technology by A. H. Zewail et al in 2005 [6]. This technique was 
referred to as ultrafast electron microscopy (UEM). The original UEM-1 instrument utilized a 
picosecond (ps) laser pulse split and directed to both a TEM cathode and a sample. By altering the 
physical delay path between the photoexcitation and electron pulses, data is collected at specific 
times relative to the photoexcitation. The second-generation UEM-2 instrument was capable of 
studying both ns and fs dynamics, in both single-shot and stroboscopy mode, and also incorporated 
an electron energy-loss spectrometer (EELS) [7].  
Since its inception, DTEM/UEM has been utilized for the study of a variety of phenomena. 
This versatility is partially thanks to the electron microscope’s capability to collect data in many 
different modes. In addition to real-space imaging of transient phenomena, crystallographic data 
may be obtained by operating in diffraction mode. Finally, time-resolved electronic/chemical 
information may also be collected via EELS. Today, DTEMs and UEMs exist across the world 
spanning multiple locations including Switzerland [8], France [9,10], Sweden [11], Germany [12], 
South Korea [13], Minnesota [14], Russia [15], California [7], and here in Illinois. The technique 
has been used to study phonons [16,17], molecular clusters [18], skyrmions [19], surface plasmons 
[20], magnetization [21], charge density waves [22], phase transitions [23], and many other 
phenomena [24-26]. 
During the last couple of years, the van der Veen lab has developed a unique DTEM 
instrument at the Materials Research Laboratory (MRL). It is based on an environmental TEM – 
and therefore it is dubbed “dynamic environmental TEM” or DETEM - which means that materials 
can be exposed to gases, high/low temperatures, or liquid phases. In addition, from a technical 
point of view, and compared to other DTEM/UEM systems around the world, the Illinois DETEM 
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possesses a unique combination of capabilities, including actively stabilized free-beam laser 
optics, variable pump laser wavelength, time-resolved energy-filtered imaging and EELS, and 
efficient and fast direct electron detection – all with temporal resolutions ranging from ~500 fs to 
seconds. These capabilities enable the study of a plethora of “chemical materials”, e.g. 
nanostructures that catalyze chemical conversions under gas and light exposure, photoswitchable 
metal-organic compounds, and functionalized nanostructures in the liquid phase that can be 
directed under the influence of light. Spin crossover materials, which are of interest here, represent 
a versatile class of (photo)switchable metal-organic materials, as described in the next section. 
 
1.2 INTRODUCTION TO SPIN CROSSOVER MATERIALS 
1.2.1 SPIN CROSSOVER IN MOLECULES AND SOLIDS 
Spin crossover (SCO) is a 
phenomenon that can occur in first-row 
transition metal complexes with d4-d7 
electronic configurations [27]. SCO 
molecules often exhibit an octahedral ligand 
field, but SCO for other coordination 
symmetries has been observed as well [28-
30].  For a d6 transition metal in an octahedral ligand environment, the d-orbitals split into two 
orbital energy levels, t2g and eg*. This allows for two methods of populating the d-orbitals, referred 
to as low-spin (LS) and high-spin (HS) configurations. The stability of each configuration depends 
on the magnitude of the ligand-field splitting parameter (LFSP, ΔO in an octahedral field) and the 
electron pairing energy, P. In the d6 example shown in Figure 1, the population of the eg* orbital  
Figure 1 - Orbital diagram for the HS and LS 
electronic states under and octahedral ligand-
field. ΔO, represents the octahedral ligand-field 




leads to an energy increase of 2.4ΔO in the HS state. The relative LS state however possess two 
additional orbitals containing electron pairs and is destabilized by electron pairing interactions. 
This results in a ligand-field splitting energy (LFSE) of -2.4ΔO+2P. In cases where the total 
electron-pairing energy is less than the LFSP component, a stong-field case occurs and the LS 
ground state is present. Vice-versa is true when the electron pairing energy dominates, producing 
and HS ground state. In cases where the total LFSE is only slighly negative, SCO may occur [27]. 
SCO originates from a competition between enthalpy and entropy. At low temperatures, enthalpy 
dominates and a LS is stable. Conversely, when ramping to high temperatures entropic factors 
increase and the HS state is thermodynamically favored [31]. Besides temperature, SCO may be 
induced by changes in pressure, magnetic field, host-guest interactions, or light [32]. The transition 
is accompanied by changes in magnetic and optical properties due to the changes in molecular spin 
and orbital occupation. Additionally, with the population of the antibonding eg* orbital in the HS 
state, an appreciable increase in the metal-to-ligand bond length occurs, and therefore the volume 
of the material increases. These property changes under the influence of external stimuli render 
SCO interesting materials for applications such as optoelectronics, data storage, or optical displays 
[33]. 
Figure 2 - Thermodynamic stability of high and low spin states. Mol fraction of high spin states 




 SCO behavior distinctly varies in bulk materials as compared to the molecular case. Many 
bulk SCO materials possess first-order phase transitions and cooperative effects that originate from 
interactions within the bulk lattice. Long and short range elastic interactions are most commonly 
proposed [32]. These intermolecular interactions cause neighboring molecules within the lattice of 
a SCO material to prefer identical spin states. The stabilization of like-spin domains within the 
lattice leads to an effect known as thermal hysteresis. Thermal hysteresis occurs due to the 
resistance of a like-spin domain to thermal switching because of cooperative stabilization [34]. 
This causes a splitting of the spin transition temperature, T1/2, into a LS-to-HS, T1/2
↑, heating branch 
and a HS-to-LS, T1/2
↓, cooling branch. A schematic example of a thermal hysteresis loop is shown 
in Figure 2. In cooperative materials the spin transition occurs via a cascade effect. This cascade 
occurs after the nucleation of one singular or many “multidroplet” like-spin domain(s) within a 
material. On the phase boundary nucleation sites, molecules are pressured by their neighbors in 
the other spin domain to switch spin states causing the propagation of a phase boundary by local 
elastic interactions [34].  
Within the thermal hysteresis loop, both LS and HS states are stable. This bistability makes 
SCO a promising property for the development of electrical and mechanical devices that utilize 
switching between two states. This includes molecular spintronics, nanoactuators, photoelectrical 
devices, and more [33,35]. Several methods may be used to forcibly switch a molecular spin state. 
Naturally, temperature and pressure can change the spin state, but switching may also be achieved 
by other stimuli such as host-guest interactions and photoexcitation. Photoexcitation provides a 
powerful method of spin state control. Due to cooperativity, a high degree of amplification occurs 
in which many spin centers may be switched by only a few absorbed photons [36] (see Figure 3). 
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This effect is well studied at low temperatures in which the HS state is thermodynamically 
metastable. This metastable trapping is referred to as light induced spin state trapping (LIESST).   
 
 
1.2.2 PHOTOSWITCHING OF SPIN CROSSOVER MATERIALS 
 The photoexcited transition into the metastable HS state at cryogenic temperatures, or 
LIESST [37-39], has been studied extensively. However, photoswitching is also possible within 
the thermal hysteresis loop [40-43]. Exploiting this property would allow for efficient control of a 
materials spin state without the need for cryogenic temperatures. In addition, the reverse transition 
(HS to LS) has been noted in a few materials [45-48]. The lifetime of the photoinduced excited 
Figure 3 – Cooperative acoustic amplification and the effects of size, temperature, and 
photoexcitation fluence on SCO photoswitching. (a), (b), and (c) show data for a 100nm thin film 
of Fe(HB(tz)3)2). Fraction high spin plots taken from [56]. Ball-and-spring diagram 
demonstrating nearest neighbor interactions, adapted from [57]. 
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state is dependent on the temperature relative to the hysteresis loop. The metastable spin state 
lifetime increases at temperatures further below the hysteresis loop [44]. Additionally, an elastic 
amplification regime is present near the hysteresis loop at certain excitation thresholds due to SCO 
cooperativity [50-52]. Numerous models have sought to understand the exact mechanism of this 
phase transition and amplification. Theoretical models have been developed to demonstrate the 
nature of cooperative spin crossover. Common models include the Slichter-Drickamer mean-field 
model [53], Ising-type models [54-55], mechano-elastic models [56-57], and DFT calculations 
[58-59]. Most models focus on describing the bulk nature of SCO transitions. However, in order 
to utilize SCO materials within nanodevices, we need to understand the effects of local 
nanostructure. One challenge presented for nanoscale SCO devices is that cooperativity, 
amplification, and thermal hysteresis are often reduced by finite size effects in many SCO 
materials [56,60]. 
 
1.2.3 SPIN CROSSOVER MATERIALS: STRUCTURE AND COMPATABILITY 
 Solid state SCO materials may be categorized as molecular crystals (“zero-dimensional”), 
or one-, two-, or three-dimensional coordination polymers [32,61]. Due to differences in 
intermolecular forces present in the crystal lattice, it is expected that the dimensionality of the SCO 
material plays a role in determining the strength of the cooperativity and therefore the width of the 
thermal hysteresis loop. In this work zero-dimensional SCO materials are in focus; however, 
higher-dimensional materials are proposed for future studies.  
 The DETEM apparatus at the MRL imposes several sample limitations to the selection of 
SCO systems. Vacuum compatibility, high crystallinity, large cooperativity, and a robust spin 
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transition are important traits for a SCO material to be studied with the DETEM. The TEM by 
nature is a high-vacuum instrument specialized in studying crystalline materials. Amorphous 
materials lacking a diffraction pattern and imaging contrast are difficult to study in a dynamic 
fashion. Cooperativity and the resulting large thermal hysteresis provide the ability to tune sample 
temperature below the hysteresis loop for transient photoswitching. In addition, in highly 
crystalline materials the spin transition is often accompanied by a change in crystal structure or 
volume [62]. Isostructural spin transitions are useful in providing a robust spin transition capable 
of cycling many times without large strain within the crystal [63]. With these conditions in mind, 
we have elected to primarily study molecular spin crossover crystals.   
In general, nano-scale spin crossover materials are structurally either nanoparticles or 
continuous micro- or nanocrystalline thin films (~5-500nm). The most common method of thin 
film preparation within the literature is simply suspending the nanoparticles within a matrix and 
then spin coating or using another method to spread the film [64-66]. These methods are useful for 
the design of nanodevices but provide an amorphous background without providing large 
crystalline domains. As such, films synthesized by matrix-based methods are not currently of 
interest within the DETEM. Instead, continuous crystalline thin films are of primary interest here. 
Such films provide the opportunity to study the nano-structural phase propagation dynamics which 
have so far only been studied by time-resolved microscopy and X-ray diffraction. Using the 
DETEM is expected to provide nanoscale real-space information on the nucleation and 





1.2.4 CRYSTALLINE SPIN CROSSOVER THIN FILMS 
 High quality spin crossover thin films are rare within the literature, but several deposition 
methods are present. Langmuir-Blodgett [67-70], layer-by-layer assembly [71-72], and thermal 
vapor deposition (TVD) [73-74] methods have been reported. The vapor deposition of spin 
crossover thin films provides an interesting avenue to nanodevices incorporating patterning and 
high tunability [75-78]. Of particular interest is that TVD provides extremely high-quality films 
with large crystalline domains that are ideal for TEM study.  
  
The TVD SCO thin films reported in the literature are few due to a lack of neutral SCO 
molecules, a requirement for the sublimation and deposition of these materials. Currently, 
Fe(H2Bpz)2(phen) and Fe(H2Bpz)2(bipy)] [74], Fe(phen)2(NCS)2 [73], Fe(HB(3,5-(Me)2Pz)3)2 
[79], and Fe(HB(tz)3)2 [80] TVD thin films have been reported. Of this selection, most show 
weakly cooperative spin transitions (Table 1).  
Two films report the presence of a thermal hysteresis loop. These are Fe(HB(tz)3)2 and 
Fe[HB(3,5-(Me)2Pz)3]2. The latter was first deposited by Beaurepaire et al. and reported in 2013 
Table 1 – Thermally deposited spin crossover thin films found in the literature. Fe(bapbpy)(NCS)2 
is being studied as an ongoing collaboration with the Gavara and Shatruk groups. phen = 
phenanthroline, bipy = bipyridine, tz = triazole, pz = pyrazole, bapbpy = N-(6-(6-(pyridin-2-
ylamino)pyridin-2-yl)pyridin-2-yl)pyridin-2-amine 
            
Molecule T1/2 [K] Spin Transistion Width [K] Source   
Fe(H2Bpz)2(phen) 160 gradual ~70 [64]  
Fe(H2Bpz)2(bipy) 170 gradual ~70 [64]  
Fe(HB(tz)3)2 337 hysteresis      6 [63]  
Fe(phen)2(NCS)2 175 gradual ~40 [69]  
Fe[HB(3,5-(Me)2Pz)3]2 175 hysteresis     50 [70]  




to possess a surprisingly large asymmetric hysteresis centered around 175 K. This compound may 
be of interest in future DETEM studies. Our current work however focus on thin films of 
Fe(HB(tz)3)2 and Fe(bapbpy)(NCS)2 in collaborations with the Shatruk group at Florida State 
University and scientists at the Universitat de Valencia for the study of Fe(bapbpy)(NCS)2 and the 
Bousseksou group at the University of Toulouse for the study of Fe(HB(tz)3)2. These materials 
were chosen due to their promising properties. 
 
1.2.5 Fe(HB(tz)3)2 IN THE LITERATURE 
  One of the primary molecules of interest presented within this work is Fe(HB(tz)3)2 
(Figure 4b). This family of materials was originally synthesized by Trofimenko in 1967 [81]. 
Trofimenko pioneered the synthesis of pyrazolyl borates. His works include the synthesis of 
disubstituted metal pyrazolyl borates such as M(H2B(pz)2)2 where M = Mn, Fe, Co, Ni, Cu, or Zn, 
trisubstituted M(HB(pz)3)2 with M = Mg, Ca, Mn, Fe, Co, Ni, Cu, Zn, Cd, Pb. Lastly, he 
successfully performed similar synthesis of Co(HB(tz)3)2 by substituting pyrazole ligands with 
Figure 4 – a) Bulk spin transition collected via optical transmission and b) molecular structure 




triazole. At the time the spin crossover of Fe(HB(pz)3)2 was presented, however Fe(HB(tz)3)2 was 
not yet studied.  
The first reported synthesis of Fe(HB(tz)3)2 in the literature was 27 years later in 1994 by 
Christoph Janiak [82]. Janiak succeeded in obtaining the solvate crystal at this time, as well as 
presenting half of the high temperature spin transition, only cycling up to 330 K. This was 
completed two years later in 1996 when he and collaborators studied the spin transition by visible 
and Mossbauer spectroscopies [83]. High quality water-free single crystals of Fe(HB(tz)3)2 were 
not obtained until the solvatomorph was reported in 2017 by Bousseksou et al. [63] with a separate 
detailed description of its cooperative spin transition [84] (spin transition shown in Figure 4a). 
This work presented a novel examination of the spatiotemporal dynamics of the first order phase 
transition in spin crossover single crystals.  
Both the thermal and photoinduced spin transitions in large (100 µm) single crystals have 
been studied by optical microscopy. In both cases the LS/HS phase boundary has been found to 
propagate at unusually high velocities (200-500 µm/s compared to 1-20 µm/s in other SCO 
compounds). This may be attributed to the presence of a high elastic modulus (θD = 198 K), high 
crystal quality, isostructural spin transition, and uniquely anisotropic volume change. 
Cooperativity is a common effect in these materials and thus the elastic modulus and lattice 
stiffness alone do not account for the unique phase velocity. Crystal quality likely plays a large 
role as the presence of defects has been shown to alter the energy barrier of the spin transition [85]. 
This leads to a gradual spin transition in low quality crystals. Bousseksou et al. [84] also note that 




to minimize elastic energy throughout the transition. This is presented from the relative expansions 
along the a, b, and c axes being -2.3%, 1.0%, and 5.6% respectively.  
The photo-thermally induced (primarily thermal energy is deposited at a wavelength of 
632.8 nm) spin transition in single crystals follows much the same dynamics as the thermally 
induced transition, beginning at a local low energy barrier site near the laser pulse as shown in 
Figure 5. As may be expected, a threshold energy at which an incident laser can nucleate the spin 
transition is present and dependent on the bath temperature of the crystal. When pumped 
specifically at the threshold temperature, Bousseksou et al. note that stochastic processes dominate, 
and the transition time varies dramatically with the possibility of being trapped in a biphasic state 
with incomplete HS phase propagation. Additionally, the boundary velocity is dependent on the 
laser power, denoting that the process is thermal in nature. Figure 6 shows these relationships. A 
similar study has been completed on thin films of Fe(HB(tz)3)2 [56,80].  
Figure 5 - Photo-thermal inducted spin transition in high quality single crystal of Fe(HB(tz)3)2. 
Spots B0, B1, and B2 mark laser incidence, photoinduced nucleation site, and thermal nucleation 
site respectively. Continuous laser irradiated at 632.8 nm utilized with a spot size of 2 µm. A power 
of 205 µW and a bath temperature of 60.6 °C. Blue denotes LS phase whereas yellow indicates HS 




Thin films of Fe(HB(tz)3)2 between 20 and 200 nm thick have been deposited [80] and both 
the thermal and time-resolved photoinduced transition has been studied by Bousseksou et al. using 
ultrafast optical absorption spectroscopy [55]. The thin film is obtained via TVD of bulk material 
and subsequent vapor annealing. The film retains the spin transition and robustness of the single 
crystal, and it preferentially orients such that the c-axis is perpendicular to the substrate. The 
photoinduced transition has been studied using fs laser stimulation at 320 nm [55]. Nanometric 
thin films were found to behave differently than bulk materials due to the presence of different 
acoustic strains during the phase transition. The unique preferential orientation along the axis of 
greatest expansion reduces acoustic strain on the c-axis, but a significant acoustic amplification is 
present from strain on the other axes. Figure 3 shows data including the acoustic regime. It may 
be noted that the thermally induced (seen within the first few nanoseconds) spin transition is 
independent of the film thickness. This is due to the large difference between the thickness of the 
film (~100 nm) and the laser penetration depth (~50 µm). However, also due to size effects the 
thinnest films dissipate thermal energy before the acoustic amplification can occur.  
Figure 6 - a) Phase diagram of laser power vs bath temperature and b) laser power dependence 
on switching dynamics of Fe(HB(tz)3)2 single crystals. Gray line in b) denotes switching time or 
thermally induced transition. See text for more details. Adapted from [84].  
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These theories may be further elucidated via time-resolved investigations of the electronic 
and physical structure using the DETEM. As such, the work discussed herein proposes and opens 
the path for the study of the fs- and ns-resolved photoinduced phase transition dynamics in 
Fe(HB(tz)3)2 within the DETEM at the MRL. Certain challenges are present in such study, being 
that Fe(HB(tz)3)2 has been found to be highly sensitive to the electron beam as well that the primary 
absorption band is the MLCT band at 318 nm. This requires the addition of excitation path optics 
capable of functioning at UV wavelengths.  
 
1.2.6 Fe(bapbpy)(NCS)2 IN THE LITERATURE 
 Fe(bapbpy)(NCS)2 (bapbpy = N-(6-(6-(pyridin-2-ylamino)pyridin-2-yl)pyridin-2-
yl)pyridin-2-amine) was first synthesized by Reedijk et al. in 2008. The molecule was designed 
using a tetradentate ligand capable of intermolecular hydrogen bonding and the out of plane 
positions open for a bonding ligand (structure shown in Figure 7b). While studying the 
crystallographic thermal transition of the material, Reedijk et al. discovered that the material goes 
through an ordered intermediate phase (IP) consisting of LS-LS-HS repeating units [86]. The first 
Figure 7 – a) Thermally induced phase transitions shown by volume per formula unit and b) 




transition, LS-IP, was centered around 183 K with a 22 K wide hysteresis and the IP-HS transition 
was found to be centered at 237 K with a 4 K wide hysteresis (Figure 7a). The LS and IP were 
found to both be monoclinic whereas the HS phase causes an α tilt shifting the NCS ligands three 
degrees out of the plane (Table 2). This led to a relatively robust LS-IP transition, but the IP-HS 
caused significant lattice strain and created cracks within the crystal. This provided the opportunity 
to study the thermal and photoinduced LS-IP transition by optical microscopy. It is worth noting 
that the strain present in the nanoscale materials to be studied within the DETEM will be lessened, 
possibly opening the path to study of the IP-HS transition.  
 The thermal and photoinduced LS-IP transition of Fe(bapbpy)(NCS)2 have been 
extensively studied in single crystals [85,87-90]. It has been found that the nanostructure of 
individual crystals has a drastic impact on the nucleation habits of the phase transition. The excited 
phase tends the nucleate at corners or notable defect sites, included those artificially created by 
laser-induced damage [88]. These are similar to the results for Fe(HB(tz)3)2 discussed earlier. As 
shown in Figure 8, in photoexcited cases, the phase transition nucleates locally at an area of low 
potential barrier such as a corner, and then proceeds similarly to the thermal transition. 
Additionally, there exists a regime in which the incident fluence is too little to achieve populations 
large enough for amplification at a given temperature relative to the hysteresis loop. This 
 
  
      
Phase LS IP (LS-LS-HS) HS 
Crystal Structure Monoclinic Monoclinic Monoclinic 
Space Group C2/c C2/c C2/c 
a, b, c [Å] 15.93 15.73 15.73 
 10.97 10.72 10.57 
 14.27 42.39 14.17 
α, β, γ [°] 90.00 90.00 93.97 
 117.46 116.57 116.10 
  90.00 90.00 90.38 
Table 2 – Crystal structure data for Fe(bapbpy)(NCS)2. Adapted from [86]. 
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demonstrates the existence of 
subcritical, metastable, and 
supercritical nucleation regimes 
[90]. Our collaborators (E. 
Coronado, M. Shatruk, et al) are 
currently preparing thin films of this 
material by TVD, which has not 
been reported previously.  
 
 
1.4 CONCLUSIONS AND OBJECTIVES 
In conclusion, the study of SCO materials continues to expand towards the goal of 
developing nanoscale devices. Cooperativity and the resulting bistability between LS and HS states 
within the thermal hysteresis regime provides powerful mechanism for controllable nanoscale 
switching. The DETEM at the MRL provides a unique opportunity to study SCO materials using 
time-resolved diffraction, imaging, and spectroscopic methods while holding versatile control over 
pump wavelength, sample temperature, and gas environment. 
Small spatial resolutions and fast time-resolutions will allow for the detailed study of the 
SCO phase transition within the hysteresis loop as well as the transient HS population at 
temperature slightly below the hysteresis loop. Within the hysteresis loop the DETEM, along with 
powerful fast camera techniques utilizing the Gatan K2 and ns excitation, will allow for the study 
of the nucleation and propagation of the SCO phase transition with unprecedented nanoscale 
spatial resolution and ms time resolution. At lower temperatures we plan to study the transient 
Figure 8 - Optical microscopy images of the a) thermal and 
b) photo-induced phase transition in Fe(bapbpy)(NCS)2  
single crystals. Blue denotes LS whereas red denotes the IP. 
A single 0.1 µJ laser pulse  at 532  nm, spot size 3 µm, was 




metastable phase transition using fs and ns stroboscopic image, diffraction, and spectroscopy. 
These techniques will provide details on the local nanostructure not previously reported in the 
literature. These studies will provide a novel understanding of sub-critical, metastable, and super-
critical nucleation as well as a high-quality understanding of nano-structuration effects on the spin 
transition. 
 
1.5 THESIS ORGANIZATION 
 This thesis details the work completed towards the goal of studying SCO materials with 
the DETEM. This includes alterations to the DETEM design in order to access the photoexcited 
spin transitions of Fe(HB(tz)3)2 and Fe(bapbpy)(NCS)2. Details describing these changes as well 
as the cumulative DETEM design are presented in Chapter 2. Instrument modifications include 
the addition of a UV path capable of providing excitation into the metal-to-ligand charge transfer 
(MLCT) band of Fe(HB(tz)3)2 and alterations to the excitation laser delivery path to accommodate 
UV light. Alignment procedures are provided for the UV path, as well as the procedures used in 
altering the pump laser system. Chapter 3 focusses on the current progress in the study of SCO 
materials. Time-resolved data has not yet been collected, however preliminary results have been 
obtained and are detailed there. Chapter 4 presents the intended time-resolved studies and 








CHAPTER 2: THE ILLINOIS DETEM 
In this chapter, the design and alterations to the DETEM at the MRL are presented. The 
system is a modified version of the Hitachi 9500 environmental 300 keV TEM (Figure 9), and we 
therefore named it the dynamic environmental TEM or DETEM. The TEM is interfaced with a 
Gatan Quantum GIF-K2 combination. The K2 direct electron detector is capable of recording 
images at up to 1600 frames per second and it exhibits a high quantum efficiency necessary to 
study transient events by dynamic TEM where a sparse electron density is necessary for low 
temporal dispersion. The end of the GIF also houses a Gatan Ultra Scan 2000 CCD. A third camera 
(Orius SC200 CCD) is present before the drift tube. The custom-made environmental gas system 
can provide a local atmosphere at the sample of pressures up to several pascal. The DETEMs 
capabilities are bolstered by a series of sample holders, including a Gatan 636 double-tilt liquid 
nitrogen (LN2) cooling holder, allowing for sample temperatures between 100 K and 380 K, and a 
Hitachi micro-electromechanical (MEMs) heating holder, enabling sample temperatures up to 
1750 K.  
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Figure 9 - The DETEM at UIUC. Fs system: a 1025 nm fs pulse train is split between pump and 
probe branches. The wavelength of the pump beam can be varied using an optical parametric 
amplifier (OPA) before it is directed to the sample by a custom set of alignment optics utilizing 
the TEMs EDX port. 10% of the 1025 nm fundamental is used to generate a 256 nm femtosecond 
probe pulse through fourth harmonic generation (FHG) which is delayed by an optical stage. 
The probe pulses pass through a custom gun viewport inside the TEM and generate electron 
pulses from the LaB6 cathode within the Hitachi 9500 300 keV TEM.  Ns systems: frequencies of 
the ns pump (1064 nm) and probe (532 nm) beams are doubled by means of second-harmonic 
generation (SHG). The 532 nm pump and 266 nm probe pulses are delayed with respect to each 
other using a digital delay generator. The probe electrons are detected via a series of cameras 




The DETEM incorporates two ns lasers, a fs laser, a series of control electronics, and a 
high resolution TEM with environmental capabilities into a highly functional design. The laser 
pulse train is standardly generated in one of several modes: ns/ns (pump/probe) stroboscopic, fs/fs 
stroboscopic, fs/ns stroboscopic, and ns single-shot/fast-camera. The optomechanical setup 
consists of two primary laser tables, a cross-room periscope, and probe and pump delivery systems.  
The primary breadboard contains the femtosecond laser system based on a 20 W Light 
Conversion Pharos L15334 laser in line with an Orpheus-F dual-Lyra optical parametric amplifier 
(OPA) system. Laser output is split, and two beams are utilized. 90% of the 1025 nm fundamental 
generated from the laser and the beam passes through the OPA capable of ranging from 260 to 
2600 nm. Present on the primary table is also a one-meter long A3200 Aerotech optical delay stage 
over which the remaining 10% of the Pharos fundamental is folded to pass twice. This allows for 
probe delays up to 13.34 nanoseconds. After the stage the probe laser pulse passes through two 
lithium triborate (LBO) crystals to generate the fourth harmonic at 256 nm. This beam is attenuated 
by a waveplate polarizer combination and passed to a secondary laser table via a vertical periscope.  
 The second table primarily houses the nanosecond laser system. Two lasers are present 
and used as probe and pump respectively: a V-GEN VPFL-G 532 nm pulsed fiber laser and a 
Bright Solutions Wedge producing 1064 nm pulses. An electronic delay between the two lasers is 
set by Berkley Nucleonics Corporation (BNC) Model 577 pulse generators, and the relative delay 
is measured using two standard photodiodes and a Picoscope 5000 oscilloscope. For both lasers 
the second harmonics are generated (266 and 532 nm) via beta barium borate (BBO) crystals, and 
then the beams are directed across the room to the Hitachi 9500 TEM’s optomechanical system. 
Fs beams may instead be utilized by the addition of mirrors into the path.   
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Attached to the TEM is a breadboard which directs the pump beam to a custom EDX port 
insert and the probe beam to a custom cathode viewport. Both paths are monitored and 
automatically corrected by a digital alignment system consisting of a set of four digital cameras 
and two pairs of piezoelectric actuator-controlled mirrors. The probe beam is passed through a 
Thorlabs UV-fused silica (UVFS) window utilized as a viewport and then directed to the TEM 
cathode by an internal mirror coated with indium tin oxide to prevent charging. Short pulses of 
electrons are photoemitted from a Kimble Physics 50 µm flat LaB6 cathode with a graphite guard 
ring which reduces electron shank emission [91]. A second camera viewport is present which is 
used to monitor the alignment of the laser on the cathode. The pump beam is delivered to the 
sample through a custom alignment box, which includes the automated positioning feedback 
system, and a custom EDX insert which focusses the beam onto the sample.  
 
2.2 THE ADDITION OF A UV PATHWAY 
In order to study Fe(HB(tz)3)2 and Fe(bapbpy)(NCS)2 within the DETEM, several 
alterations were necessary. The primary absorbance band of Fe(HB(tz)3)2 is the metal-to-ligand 
charge transfer (MLCT) band centered at 318 nm. Initial designs optimized the DETEM for 
wavelengths between 400 and 700 nm. To solve this challenge a secondary optical path was added 
to the system, and the optics within the pump delivery system were altered.  
 
2.2.1 FEMTOSECOND UV PATHWAY 
 A second pathway, optimized for wavelengths between 300 and 400 nm, was the design of 
choice when seeking to incorporate a 320 nm pump into the DETEM system. Compatibility down 
to 320 nm could have been accomplished via exchanging of all mirrors within the optical path with 
23 
 
UV-enhanced aluminum mirrors, but such a solution however would greatly reduce the achievable 
fluence at all wavelengths. A second optical path preserves power by using optimal optics at each 
wavelength.  
Simple calculations have been performed to estimate the fluence at the sample. The path 
contains nine UV mirrors, four aluminum mirrors, the pump alignment box, and the pump EDX 
insert. At 320 nm, these transmit approximately 99%, 90%, 60%, and 70% of light, respectively, 
based on optic retailer information and measured spectra. The total transmission through the path 
is expected to be approximately 25% at 320 nm. Previous works by Ridier et al. [49] show that to 
theoretically achieve 30% HS conversion, one would need a fluence of approximately 1.13 mJ/cm2 
assuming an extinction coefficient of 30000 cm-1 at 320 nm.  The extinction coefficient of the d-d 
transition at 540 nm is only circa 200 cm-1, a factor of 150 weaker. Pumping at 540 nm could 
require more than 150 mJ/cm2 for large HS conversions (which would melt the sample), and thus 
it is necessary to pump at the MLCT band wavelength in the UV. This is only achievable with the 
addition of a UV path. The Orpheus OPA is capable of providing a fluence of 7.5 mJ/cm2 per pulse 
at 490 kHz and 320 nm. Thus, at the sample there is approximately 1.95 mJ/cm2 per pulse (using 










 The alterations necessary to access UV wavelengths are intentionally minimized. However, 
due to the limited space available on each table one optic must be swapped and three must be 
added into the path. Refer to section 2.2 for alignment and setup procedures. On the lower table 
(Figure 10), the path consists of three Eksma Optics broadband UVFS mirrors rated for 280-400 
nm, the last of which is within a periscope to the upper table. On the upper table (Figure 11), there 
Figure 11 – Schematic diagram of the secondary nanosecond laser table. UV path highlighted 
for clarity. Objects to approximate scale.  
Figure 10 – Schematic diagram of the primary femtosecond laser table. UV path highlighted for 
clarity. Objects to approximate scale.  
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are seven more of these mirrors (including periscopes), all raised to a height of six inches in order 
to bypass the standard four-inch optical path. Two mirrors are attached to magnetic mounts 
allowing for easy addition into the standard path, one being a magnetic periscope mount. Mirrors 
are present which may be moved to adjust the total path length and properly position time-zero 
relative to the probe (see Figure 11). Initial placements are such that the UV path is of the same 
length as the standard pump path. From the top mirror of the cross-room periscope forward, the 
standard path is used and consists of aluminum mirrors from CVI Laser Optics and Eksma Optics 
rated for wavelengths from 300 (250 for CVI) nm to IR. This directs the beam through a Galilean 
telescope reducing the beam-waist by a factor of two and then into the pump delivery box.  
 
2.2.2 PUMP LASER DELIVERY BOX 
 The pump delivery box was designed in 
order to ensure a consistent pump alignment 
through the delivery insert and onto the sample 
(shown in Figure 12). The box contains a camera 
which tracks the beam position on two optics 
allowing for a consistent path to be taken. This 
allows for beam to be placed on the sample 
consistently within a few microns. Internally the 
box has been updated to contain two (Eksma) 
aluminum mirrors, a beam splitter, a UVFS window, and the camera optics. The camera optics 
consist of lenses which focus beams picked from the splitter and UVFS window onto the camera. 
The camera is a Thorlabs DCC1545M CMOS camera. This camera uses an Aptina MT9M001 
Figure 12 – Schematic drawing of pump 
delivery box as designed by Omid Zandi. 
Beam-path drawn in blue. Reflections 
drawn as faded lines.   
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sensor capable of detecting UV. The beam splitter is a Thorlabs BSX10 splitter reflecting 90% of 
light through the optical path and transmitting 10% onto the camera. This optic is rated primarily 
for 400 to 700 nm, and while it reflects UV at sufficient powers, little to no transmission is 
observed. For this reason, the UV path should be aligned at 400 nm (see section 2.2.1). 
Additionally, UV power should be carefully managed due to the possibility of the 400-700 nm 
anti-reflective coating on the beam splitter from damaging under high UV fluences. The UVFS 
window is present for use as a simple beam sampler and is slightly angled 5-10° to direct the 
reflected beam to the camera. After passing the window, the laser is directed to the sample by the 
pump delivery insert.  
 
2.2.3 CUSTOM PUMP DELIVERY INSERT 
The pump insert was initially designed by Hyuk Park under the guidance of Dr. Jian-Min 
Zuo. The design incorporates a window and two mirrors followed by a lens which directs and 
focusses the laser at a 22° angle downward onto the sample. The window serves to protect the 
TEM vacuum while passing the laser and is simply a 5 mm thick uncoated UVFS window. Both 
mirrors have been replaced with Thorlabs MRA05-F01 UV-enhanced aluminum coated prism 
Figure 13 –Internal schematic diagram of pump insert. Inset: image of pump alignment insert, 
shown with additional pump alignment plate for ex-situ sample overlap. Schematic displays the 
laser entering through the lower half of a UVFS window. It is then directed at a downwards 22° 
angle through a focusing lens.  
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mirrors. The lens has been replaced with a Thorlabs LA4917 uncoated 6 mm plano-convex lens. 
These optics are shown in Figure 13 and the resulting transmission spectra is present in Figure 14. 
Both mirrors are in aluminum alignment 
cradles and are held in place by vacuum-safe 
epoxy. The first (lower) mirror is placed at a 
standard 45°. The second is angled away the 
normal in order to direct the beam to the 
sample at a 22° downward angle. The lens 
has a chosen focal length of 15.1 mm to 
overlap the laser focus with the sample when 
at the TEM eucentric height. All parts are 
designed to be adjustable for tolerances in 
alignment.  
 
2.3: ALIGNMENT PROCEDURES 
2.3.1 UV PATH ALIGNMENT PROCEDURES 
The setup process for the UV path is as follows. Alignment over the UV path must be 
completed at 400 nm due to the 90:10 beam splitter within the pump alignment box. After 
optimizing 400 nm pump out of the Pharos, the first mirror which must be swapped is that promptly 
directing the beam out of the second Lyra. The standard mirror used is a silver mirror and the entire 
mount assembly may simply be switched with the mirror labelled UV-1. A second mirror, UV-2, 
must be added directly after this mirror, in front a silver mirror. Care must be taken to not contact 
the silver mirror. Next, the beam must be roughly aligned to the periscope by simply rotating the 
























Figure 14 – Transmission spectra of the pump 
insert after replacing optics. Optics replaced for 
compatibility down to 250 nm. Other spectra 
based on quoted values from the manufacturer.  
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entire mirror mount. proper safety precautions are necessary for this process (PPE, fluorescent 
laser cards, path awareness). The periscope mirror is to be properly blocked to avoid creating an 
uncontrolled vertical beam.  
Once rough alignments are made, one may proceed to accurately align the path using the 
mount micrometers and aligning through the two UV path aperture positions. The method for this 
is the standard two mirror alignment. This method begins using UV-1 to align the laser to the first 
aperture position. Then UV-2 is used to align to the second aperture position. These steps are then 
repeated starting with UV-1 and the first position until the laser is completely aligned through both 
apertures. Post holders have been placed to retain the table position of the apertures. On the primary 
table the UV path uses the same beam height as the standard path and so the same collared irises 
may be used for both. This standard alignment will send the laser through the periscope. However, 
it is possible that alignment of the periscope will be necessary. In extreme cases where the beam 
is not present on the top periscope mirror, the top mirror’s angled mount must be removed, and 
the lower mirror must be used to align through the periscope. 
 Once the beam has been aligned to the upper laser table one must simply ensure the laser 
is aligned onto the UV mirror across the table using the top periscope mirror. The standard two 
mirror alignment, using the top periscope and subsequent mirrors, may once again be used to align 
the beam to the proceeding apertures. This alignment is to ensure that the beam efficiently passes 
through the next three closely spaced mirrors. The first two of these mirrors serve the purpose of 
providing a variable path length. This portion of the path may be moved in order to increase or 
decrease the total path length. The UV path was measured to be the same length as the standard 
path, and only small adjustments would be necessary in order to place time-zero relative to the 
probe stage as desired. The next mirror in the UV path is mounted to a removeable magnetic 
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(kinematic) stage. The addition of this stage allows for the UV path to join into the standard pump 
path. This mirror directs the beam to the pump cross-room periscope. As the UV path is at a height 
of 6” a removable UV mirror is used as the bottom periscope mirror. This has been designed such 
that simply adding the corresponding magnetic-mount UV mirror should provide a rough 
alignment.  Aligning the beam onto the bottom periscope mirror using the kinematic mount mirror 
should allow the laser to pass across the room. The addition of removable iris mounts into the path 
before the periscope is recommended. Finally, ensuring alignment by centering the beam onto the 
far periscope mirror leaves only the remaining standard alignment. 
 
2.3.2 ALIGNMENT OF THE PUMP INSERT AND DELIVERY BOX 
The pump insert alignment has been 
previously detailed by Jocelyn Chu Lai in 
her masters thesis. These standard 
procedures outline most of the current insert 
alignment. Changes include the placement 
of the sliding focusing lens mount 
completely forward on the insert to ensure the tightest focus, and the creation of a custom laser 
target to replace the out-coupler after the removal of the previous fiber system.  This target allows 
an external laser to be used for free-beam alignment. Proper alignment of the pump box requires 
the prior alignment of insert. For ex-situ alignment, a custom mock-column is used alongside an 
alignment plate to represent the sample plane. The alignment plate is attachable to the insert by 
two high precision screws. The box-insert assembly is held into the mock column by four screws 
into the viewport.  
Figure 15 – Image of pump box during alignment.  
30 
 
Aligning the pump box begins with the alignment of the attached vertical periscope. The 
alignment of the periscope must be maintained in case of the removal of the box top. This requires 
an arm assembly holding the top periscope mirror mount independently of the box. It is possible, 
and preferable however to align the box with the box top intact. Once such an assembly is in place, 
the top periscope mirror mount may alone be detached from the box. It is important to ensure 
alignment through the box top periscope assembly to represent in-situ alignment of the box. The 
periscope assembly holding the apertures may be removed once aligned if desired. Further 
alignments may be completed with the box sides removed. Raw alignments are possible with all 
walls removed however final alignments will require the box top in place. This alignment begins 
using the lower periscope mirror. This mirror directs the beam onto the 90:10 beam splitter. Initial 
alignment may be rough, but a transmitted beam through the splitter must be present. The next 
mirror after the beam splitter is attached to a rotating post within the mount. This allows for the 
beam to be placed at a lower height to the optical breadboard. This is necessary due to the pump 
insert’s primary optical axis at an approximate height of 0.25”. Future designs may improve this 
by lowering the bottom breadboard of the box. The rotating post mount should be aligned such 
that the mirror is placed approximately at a 45° downward angle towards the near wall as shown 
in Figure 15. The UVFS window does not impact alignment. The next step requires parallel 
alignment of the beam through the insert. A possible method of doing so is to increase the hole 
diameter of box wall attached to the insert and attaching the insert cage rod and target system. All 
three mirrors are required in order to achieve alignment into the insert. Retention of a transmitted 
beam through the splitter is highly important. The path of the beam through the insert may be 
viewed using a camera, and it is possible to see the beam position on the lower mirror within the 
insert for alignment. Once a beam is present through the insert onto the alignment plate, sample 
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overlap may be revised. Centering the beam on the alignment plate and the lower insert mirror is 
recommended. This may be done by the beam splitter and the following mirror. The beam should 
also be relatively centered on the lens through this process.  
Final alignments consist of the alignment onto the beam-pointing tracking camera. With 
the box top attached, place the camera into a plane such that the transmitted beam through the 
beam-splitter is a quarter from the left (as viewed from behind the camera) end of the CMOS as 
viewed by software. Position the small lens in this beam-path such that there is minimal change to 
the beam-pointing while the beam is centered. The UVFS window is used as a beam-sampler and 
should be angled such that the beam is located a quarter from the right end and centered vertically 
on the CMOS. Repeat the previous lens alignment for this path. This process should create an 
approximate laser-electron beam overlap when the insert is placed within the DETEM. 
 
2.3.3 CALIBRATING BEAMPOINTING TO AVOID CLIPPING 
The pump insert creates a restrictive path for alignment. Three main restrictions are present 
which hinder pump laser-electron beam overlap adjustments: the two mirrors and the final lens. 
Adjustments using only one mirror will quickly cause clipping on the insert lens. It is possible to 
retain a beam path through this lens by adjusting two mirrors and continuously alter overlap. Such 
movements are only limited by the eventual clipping on one of the two insert mirrors. Proper 
alignments of the box optics should provide significant travel before mirror clipping poses an issue, 
equating to hundreds of microns within the sample plane. In order to ensure clipping does not 
occur while the insert is within the DETEM, safe beam-pointing regions must be mapped. This is 
done by relating the position of the beams on the camera to the presence of clipping. In the 
alignment, the left beam is generated from the beam-splitter and is independent of the alignment 
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of the right beam. The left beam is aligned by the top periscope mirror whereas the right beam is 
aligned by the internal piezo-controlled mirror attached to the mounting post. Movement on an 
axis by one mirror must be compensated by a movement on the same axis by another mirror in 
order to control clipping. Where clipping occurs may be determined by simply vertically adjusting 
the left beam and vertically compensating with the right beam to find the exact point of clipping. 
Repeating this movement and compensation will draw a line. Clipping will be present for each 
edge of the lens and for each axis, and so there are four lines: lower and upper clippings on the 
vertical axis as well as lower and upper clippings on the horizontal axis. An example of previous 
safe beam-pointing regions is shown in Figure 16. This measurement cannot be completed with 
the insert alignment plate present as clipping will not be evident in the focus. 
 














































Figure 16 - Safe beam-pointing regions. ‘CL x’, ‘CL y’ represent the x,y pixel values for the fit 
center of the left beam. ‘CR x’, ‘CR y’ represent the x,y pixel values for the fit center of the right 
beam.  On the x-axis the image is split in two and thus ‘CL x’ value simply refer to absolute pixel 
distance counted from the left, but ‘CR x’ refers to the number of pixels to the right counted from 
the center of the CMOS. Both ‘CL y’ and ‘CR y’ are absolute pixel distance from the top of the 
CMOS. The y-axis safe region shows a reduced area at high ‘CL y’ values. This is due to 
clipping on a mirror within the pump insert. Final areas are reduced 10% to compensate for 
alignment with a smaller beam than is used experimentally.  
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CHAPTER 3: SPIN CROSSOVER DATA AND RESULTS 
Two spin crossover crystalline thin films are currently being studied with the DETEM, 
Fe(HB(tz)3)2 and Fe(bapbpy)(NCS)2. Both films are prepared by TVD and possess cooperative 
spin transitions that are retained as thin films.  
 
3.1 Fe(HB(tz)3)2 
3.1.1 PRELIMINARY RESULTS ON Fe(HB(tz)3)2 
 Several Fe(HB(tz)3)2 thin film samples have been received 
from Bousseksou et al. and studied within the TEM. Films ranging 
from 20 nm to 160 nm thick on various substrates have been 
imaged. TEM Substrates include amorphous carbon, SiO2, and 
Si3N4. An image of a 50 nm film on a SiO2 window is shown in 
Figure 17.  
 The first notable property of the thin films is a 
low tolerance to electron beam. Standard high-
resolution TEM imaging beam currents damage the 
films within a second. This is highly apparent due to a 
sudden loss of diffraction contrast upon translating the 
sample. Correspondingly, in diffraction mode peaks 
disappear just as swiftly. Reduction of the beam 
current to minimal values does however reduce the 
damage sufficiently. Figure 18 contains a diffraction 
pattern collected with reduced beam current. Section 
Figure 17 – TEM Image of 
Fe(HB(tz)3)2 80 thin film on an 
TEMwindows SiO2 grid.  
Figure 18 – Diffraction pattern of 
Fe(HB(tz)3)2 50 nm thin film collected at 
reduced fluence.  
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3.1.2 focusses on the dose dependence of this material. Operating at reduced beam currents allows 
for image collection at low magnifications. Figure 19 shows a series of images exemplifying the 
samples. The thin films are extremely homogenous with only small areas of inhomogeneity over 
distances as large as tens of microns. Dark-field imaging by tilting to a set of diffracted beams (a 
multi-beam condition is unavoidable due to the tight spacing of the diffraction peaks) provides a 
view of crystalline domains as large as a several microns. These large domains show promise in 
the use of these materials to study the phase transition propagation through single crystals.  
 Within the bulk crystal, the spin transition of Fe(HB(tz)3)2 is centered at 337 K. Attempts 
to measure the spin transition using the Gatan 636 LN2 cooling holder were unsuccessful. Using 
the included heater, the cooling holder is capable of temperatures up to 382 K, but with no known 
accuracy. No HS transition was found within this regime as shown in Figure 20. This has been 
postulated to be due to the shifting of the spin transition to higher temperature at low pressure, to 
poor thermalization within the TEM, or due to electron beam induced heating. A MEMs-based 
Figure 19 – Left: Standard TEM image of Fe(HB(tz)3)2 thin film collected at low electron beam 
fluence. No objective aperture present. Right: Dark-field image of Fe(HB(tz)3)2 thin film 
showing long range crystalline domains.  
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heating holder was used to attempt to improve the 
control of sample temperature. As the MEMs device 
heats the sample directly, thermalization should not 
be an issue. However, the holder is not designed for 
temperatures below 400K and accuracy may once 
again have been an issue. No spin transition was 
found below 382 K using the MEMs based heating 
holder. Electron beam induced heating has been 
shown to be an issue in polymers and organic 
materials with poor heat transfer. However, the 
electron beam fluence used in these experiments was 
below 0.01 e/Å2s due to the sensitivity of the films and the beam was blocked before the sample 
for at least five minutes for thermalization between images. Thus, either the spin transition shifting 
at low pressure or the inaccuracy of the holder are the most likely explanations for the lack of a 
thermal spin transition.  
 
3.1.2 BEAM SENSITIVITY AND DOSE DEPENDENCE 
 The thin films of Fe(HB(tz)3)2 were found to be extremely sensitive to electron beam 
irradiation. Crystallinity is lost upon sufficient electron dose. This was shown in the diffraction 
pattern as a decay in diffraction peak intensity and the growth of an amorphous diffraction 
background. The characteristic dose, the dose  at which diffraction peak intensity is reduced to 1/e 
(36.8%) of its original diffraction intensity, may be measured for this decay. These measurements 
were performed with the Gatan Orius SC200 CCD camera and calibrated against the Gatan K2 
Figure 20 – Temperature dependence of the 
Fe(HB(tz)3)2 [200] peak separation. 
Expected separations are 2.99 nm-1for the 
LS state and 3.06 nm-1 for the HS state. 
Error-bars collected from a gaussian fit of 
the diffraction peak. Rise in diffraction 
spacing from 2.95 nm-1 to 2.98 nm-1 is due 
to loss of water.  
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direct electron detection camera. This was done for the inclusion of the central diffraction beam as 
an internal intensity reference. At the time of measurement, one electron was proportional to 25 
counts on the Orius SC200. An average characteristic dose of circa 7 e/Å2 was determined for 
various film thicknesses on amorphous carbon substrates at electron fluences of less than 0.01 
e/Å2s. At higher electron fluences this characteristic dose is reduced greatly, being circa 4 e/Å2 for 
an electron fluence of 0.025 e/Å2s. Figure 21 shows examples of this data. The fluence dependence 
of the characteristic dose as well as the non-linear decay of the intensity profile implies that the 
major damage mechanisms within the crystal are radiolysis and surface sputtering.  
 
3.2 Fe(bapbpy)(NCS)2 
3.2.1 PRELIMINARY RESULTS ON Fe(bapbpy)(NCS)2 
 Two methods have been used in attempts to obtain Fe(bapbpy)(NCS)2 thin films. 
Ultramicrotomy and TVD. Ultramicrotomy was attempted within the MRL whereas the TVD of 
thin films was completed by collaborators. Primary results focus on the TVD thin films. 
Fe(bapbpy)(NCS)2 20 nm and 50 nm TVD thin films on amorphous Si3N4 TEM substrates 
have been obtained from collaborators. Samples are expected to be moisture and oxygen sensitive 
Figure 21 – Left: Dose dependence of Fe(HB(tz)3)2 thin films. Intensity unit is integrated 
average counts of the [020] diffraction peaks as measure by the Orius SC200 camera. 
Characteristic doses calculated at 36.8% remaining intensity with background counts 
subtracted. Right: Crystal diffraction pattern before and after electron beam induced damage. 
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and must therefore be stored under inert 
atmosphere. The films have been examined within 
the Hitachi 9500 TEM. Upon examination it was 
noted that the films contain wire-shaped crystals, as 
opposed to a being continuous thin films. A 
representative image the films is presented in 
Figure 22. The films were not found to be sensitive 
to the electron beam, with the crystals surviving 
under focused electron beam for tens of minutes 
with no reduction in diffraction.  
Electron beam induced charging was apparent within the wire-shaped crystals. This effect 
caused a periodic deflection of the electron beam by charge-discharge cycles. This effect was quite 
dramatic, as it caused a discontinuous shift in the diffraction pattern of the crystals. The period 
was found to be directly correlated to the incident electron fluence. Electron beam induced 
charging is not uncommon in organic materials with poor conductivity, and several methods exist 
to mitigate it. However, the charging was localized to the crystals and it is possible that removal 
of the crystals and improvement of the thin film is a likely solution. 
EELS was utilized in order to examine the presence of iron in the bulk film and within the 
wire-shaped crystals. EELS showed the existence of iron in the spaces between crystals by the 
presence of the Fe L2,3 edge. However, no edge was discernable in the spectra of the crystals. This 
implies that the crystals, while apparently thicker than the film, contain less iron. It is likely that 
the crystals are primarily composed of the ligand. 
 
Figure 22 -TEM image of 
Fe(bapbpy)(NCS)2 50 nm thin film.  
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3.2.2 ULTRAMICROTOMY OF Fe(bapbpy)(NCS)2 
 
Ultramicrotomy utilizes a diamond knife and a motorized sample arm to cut ultrathin (80-
200 nm) sections of sample materials. The microtome sections a material by slowly rocking the 
sample arm over the knife edge while and advancing forward with high precision. The most 
common type of sample sectioned with ultramicrotomy are biological tissues, however sectioning 
of hard materials is also performed. Dry and wet methods of sample cleaving are possible, and 
diamonds knives are designed for both. Wet ultramicrotomy, the method chosen to thin section 
Fe(bapbpy)(NCS)2 utilizes the surface tension of water in order to guide the cut section off the 
knife edge.  
High quality single needle-shaped crystals of Fe(bapbpy)(NCS)2 were obtained from 
collaborators and embedded in Epo-Fix epoxy resin. Several orientation and methods were 
attempted, and the most successful was to use microcentrifuge tubes and allowing crystals to sink 
to the bottom through a small amount of resin before filling the tube. The presented epoxy blocks 
with vertically oriented crystals at the tip. The epoxy blocks were trimmed using non-oiled 
stainless-steel razor blades such that a small flat pyramidal surface containing a crystal section was 
Figure 23 – a) Pre-section epoxy sample. b) Cut ultrathin sections. Gold interference pattern 
relates to an approximate thickness of 90 nm. 
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present as shown in Figure 23a. Prepared 
samples were then sectioned to 
approximately 90 nm on the Leica UC7 
Ultramicrotome as shown in Figure 23b. 
Sections were floated onto deionized 
water and collected on ultrathin carbon 
TEM substrates. An TEM image and 
diffraction pattern of the resulting sample 
is displayed in Figure 24. The crystals 
were found to interact poorly with the 
epoxy, intercalating resin. This was 
additionally evidenced by the purple coloration of the resin near the crystal. Attempts to utilize 
different epoxies were also unsuccessful. Crystallinity was preserved but the lack on any large 










Figure 24 – TEM image and diffraction pattern of 90 
nm Fe(bapbpy)(NCS)2  crystalline thin section.  
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CHAPTER 4: CONCLUSIONS AND FUTURE STUDIES 
Fe(HB(tz)3)2 possesses a strong cooperative spin transition that is retained upon TVD as a 
thin film. The deposition has been well optimized and high-quality films are being produced by 
our collaborators in the Bousseksou group. These films possess large crystalline domains as 
evidenced by dark-field imaging. Careful balance between electron beam-induced damage and 
resolution may allow for the imaging analysis of a phase transition triggered by a single shot laser 
pulse within the thermal hysteresis. From these we will gain a greater understanding of the 
nanoscale propagation dynamics of the phase boundary and its relation to dislocations, strains, 
grain boundaries, and other nanostructures within the crystalline lattice. The future addition of a 
smaller objective aperture as detailed in appendix A will aide in dark-field imaging towards these 
goals.  
Large crystalline domains are also a great boon in the study of these materials via 
diffraction. High-quality single crystal diffraction patters are easily accessible even at extremely 
low electron beam fluences. Experiments beginning from static imaging the single laser-shot 
induced spin transition will help provide an initial understanding of the material. This initial work 
will develop into the stroboscopic photoswitching of spin state below the subcritical regime. We 
may then use the capabilities of the DETEM to study the switching dynamics of nanoscale 
Fe(HB(tz)3)2 at various points in the crystal lattice. Our studies on Fe(HB(tz)3)2 and 
Fe(bapbpy)(NCS)2 with together form novel insights on the nanoscale SCO phase transition. 
 The complete nature of the TVD thin films of Fe(bapbpy)(NCS)2 is not yet 
understood. Collaboration is under way to study the crystallinity and stability of these films to 
improve and better understand the methods used. Further depositions of Fe(bapbpy)(NCS)2 will 
likely provide promising crystalline thin films capable of being studied at higher beam doses than 
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films of Fe(HB(tz)3)2. In addition to the studies planned for Fe(HB(tz)3)2, this opens the possibility 
of high-resolution imaging during the propagation of the spin transition phase boundary. Both the 
LS-IP and IP-HS transitions are easily accessible within the DETEM with the use of the Gatan 
liquid nitrogen cooling holder. While the LS-IP transition has been studied in bulk crystals, the IP-
HS transition causes significant strain and crystal cracking. In the nanomaterial this strain will 
likely be reduced making the transition more robust. For these reasons Fe(bapbpy)(NCS)2 is 
perhaps the most promising SCO thin film for study of the nanoscale spin phase transition.  
The coming studies on the thin film SCO phase dynamics within Fe(HB(tz)3)2 and 
Fe(bapbpy)(NCS)2 are expected to provide novel insights on how nanostructuration affects the 
properties of SCO materials. These insights can then be utilized in development of future 
nanodevices incorporating switchable SCO nanomaterials. Indeed, the high-quality thin films 
prepared via TVD alone pose as promising candidates for use in such devices. With the addition 
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APPENDIX A: CUSTOM TEM APERTURES 
 Custom aperture strips for the H9500 have been purchased from Electron Microscopy 
Sciences. These strips are intended to improve the TEMs capabilities in imaging and diffraction 
modes. The new objective aperture provides a decreased aperture hole size of 5 µm which will 
allow for high quality dark field imaging. The new selected area aperture provides an increased 
bore size of 400 µm which will improve the array of reflections collected during ensemble 
diffraction. The tables below show all purchased bore diameters as well as the expected size of 










APPENDIX B: TEM SUBSTRATE TRANSMISSION SPECTRA 
 Optical transmission 
spectra were collected for 
common SiO2 and Si3N4 
substrate windows purchased 
from TEMwindows. Spectra 
were collected for 20 nm thick 
Si3N4 SN100-A20Q33 small 
window, 50 nm thick Si3N4 
SN100-A50MP2Q05 large 
window, 20 nm thick SiO2 SO100-A20Q33A small window, and 100 nm thick SiO2 SO100-
GFLAT100 large window substrates. The purpose of this data collection was to determine the 
substrate with the smallest absorption coefficient. This will allow us to reduce sample heating due 
to substrate laser absorption within the DETEM. Data was collected using a Varian Cary 5G UV-
Vis-NIR spectrometer in transmission mode. New sample grids were handled carefully to ensure 
all windows were intact at time of measurement. It was found that of the small 20 nm thick window 
options, SiO2 provided the best optical properties down to 300 nm. Conversely, the large 50 nm 
thick Si3N4 windows were found to possess a large UV absorption band. Literature implies that 
this is due to varying Si3N4 deposition methods and the impregnation of absorbing materials [1]. 
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